Lambert CP, Wright NR, Finck BN, Villareal DT. Exercise but not diet-induced weight loss decreases skeletal muscle inflammatory gene expression in frail obese elderly persons. J Appl Physiol 105: 473-478, 2008. First published June 9, 2008 doi:10.1152/japplphysiol.00006.2008.-Many obese elderly persons have impaired physical function associated with an increased chronic inflammatory response. We evaluated 12 wk of exercise (aerobic and resistance) or 12 wk of weight loss (ϳ7% reduction) on skeletal muscle mRNAs for toll-like receptor-4 (TLR-4), mechanogrowth factor (MGF), TNF-␣, and IL-6 in 16 obese (body mass index 38 Ϯ 2 kg/m 2 ) older (69 Ϯ 1 yr) physically frail individuals. Vastus lateralis muscle biopsies were obtained at 0 and 12 wk and analyzed by real-time RT-PCR. Body composition was assessed by dual-energy x-ray absorptiometry. Body weight decreased (Ϫ7.5 Ϯ 1.2 kg, P ϭ 0.001) in the weight loss group but not in the exercise group (Ϫ0.3 Ϯ 0.8 kg, P ϭ 0.74). Fat-free mass (FFM) decreased (Ϫ2.9 Ϯ 0.6 kg, P ϭ 0.010) in the weight loss group and increased (1.6 Ϯ 0.6 kg, P ϭ 0.03) in the exercise group. Exercise resulted in a 37% decrease in TLR-4 mRNA (P Ͻ 0.05) while weight loss had no significant effect. Additionally, exercise led to a significant (50%) decrease in IL-6 and TNF-␣ mRNA (P Ͻ 0.05) while weight loss had no effect. Exercise increased MGF mRNA (ϳ2 fold, P Ͻ 0.05), but weight loss had no effect. In conclusion, exercise but not weight loss had a beneficial effect on markers of muscle inflammation and anabolism in frail obese elderly individuals. exercise; weight loss; cytokines; growth factors AGING is associated with an increase in the chronic systemic inflammation (17). Obesity also induces chronic inflammation (37) and, thus, may further contribute to the age-related increase in the production of inflammatory cytokines. Indeed, sarcopenic obesity is associated with increased levels of circulating inflammatory markers (7, 34). Inflammatory cytokines have direct catabolic effects on skeletal muscle: TNF-␣ impairs muscle protein synthesis (22, 23, 44) and increases muscle protein degradation (8, 26, 36) while IL-6 increases muscle protein degradation (13). High plasma concentrations of TNF-␣ and IL-6 are associated with lower muscle mass or strength and mobility disability (10, 11, 41) , and high IL-6 and low IGF-1 levels contribute synergistically to impaired mobility (6). Elevated levels of C-reactive protein and serum IL-6 strongly predict mortality and functional decline in older persons (31). Not only does adipose tissue release cytokines, but also skeletal muscles express cytokines that have direct autocrine and paracrine effects (33). Further, obese persons have increased levels of intramuscular cytokines (33).
exercise; weight loss; cytokines; growth factors AGING is associated with an increase in the chronic systemic inflammation (17) . Obesity also induces chronic inflammation (37) and, thus, may further contribute to the age-related increase in the production of inflammatory cytokines. Indeed, sarcopenic obesity is associated with increased levels of circulating inflammatory markers (7, 34) . Inflammatory cytokines have direct catabolic effects on skeletal muscle: TNF-␣ impairs muscle protein synthesis (22, 23, 44) and increases muscle protein degradation (8, 26, 36) while IL-6 increases muscle protein degradation (13) . High plasma concentrations of TNF-␣ and IL-6 are associated with lower muscle mass or strength and mobility disability (10, 11, 41) , and high IL-6 and low IGF-1 levels contribute synergistically to impaired mobility (6) . Elevated levels of C-reactive protein and serum IL-6 strongly predict mortality and functional decline in older persons (31) . Not only does adipose tissue release cytokines, but also skeletal muscles express cytokines that have direct autocrine and paracrine effects (33) . Further, obese persons have increased levels of intramuscular cytokines (33) .
Diet-induced weight loss appears to lower levels of circulating cytokines, and the effect is greater with larger amounts of weight loss (2, 9, 21) . The results regarding the effect of exercise training is much less convincing: some studies have shown exercise-induced reductions (24, 25) or unchanged levels (29, 43) of plasma/serum inflammatory cytokines. Nevertheless, exercise training may induce local anti-inflammatory effects in skeletal muscle that may not be reflected in the systemic circulation, as evidenced in the study of Gielen et al. (14) . These investigators found that aerobic training reduced TNF-␣, IL-6, and IL-1 gene expression in skeletal muscles but had no effect on levels of these cytokines in the systemic circulation. Further evidence for an important role of local cytokines in skeletal muscle is provided by Greiwe et al. (16) . These investigators found that TNF-␣ is transcribed by human myocytes, elevated in the muscles of frail elderly, and decreased by resistance training. Moreover, the levels of TNF-␣ correlated inversely with muscle protein synthesis rate. Singh et al. (35) reported that resistance training increased IGF-1 staining in muscles of frail older patients. In addition, Kim et al. (20) reported that an acute bout of resistance training increased the expression of mechanogrowth factor (MGF) in older persons. Thus these findings suggest that the anabolic and functional benefits of regular exercise may be mediated, in part, through direct actions within skeletal muscle (14, 16, 20, 35) . However, no previous study has directly compared the independent effects of weight loss to regular exercise on muscle cytokines and growth factors, particularly in obese older adults who constitute a growing segment of the elderly population (1) . These individuals represent a unique population because of increased frailty (3, 40) , which putatively derives from the additive effects of obesity and aging on chronic inflammation (17, 32, 34) .
Thus the purpose of this investigation was to compare the effects of weight loss vs. exercise (combined resistance and aerobic) on the expression of inflammatory and anabolic genes in the skeletal muscle of frail-obese elderly volunteers. Specifically, we quantified the expression of mRNAs for IL-6, TNF-␣, MGF, and toll-like receptor-4 (TLR-4).
MATERIALS AND METHODS
Subjects. Subjects were sixteen obese (body mass index ϭ 38 Ϯ 6 kg/m 2 ) older (age ϭ 69 Ϯ 1 yr) men and women who had evidence of frailty based on two of three criteria (4, 40) : physical performance test (PPT) score of 18 -32, peak oxygen consumption (V O2peak) of 11-18 ml ⅐ min Ϫ1 ⅐ kg body wt Ϫ1 , and self-reported difficulty or need for assistance in two instrumental activities of daily living (ADL) or one basic ADL. All subjects were sedentary (i.e., did not participate in regular exercise more than 2 times/wk) and reported having had a stable body weight (Ϯ2 kg) and had no change in medications for Ն6 mo before the study. All subjects provided written informed consent before participation in the study, which was approved by the Human Studies Committee. They were randomized to receive either ϳ12 wk of weight loss or ϳ12 wk of regular physical exercise. Weight loss. Participants in the weight loss group received a combination of an energy-deficit diet and behavior therapy. They were prescribed a balanced diet to provide an energy deficit of 500 -750 kcal/day with a goal of 1-2% loss of body weight per week. They met weekly as a group with a study dietitian, who was experienced in group behavioral therapy for obesity. Standard behavioral strategies were used to modify eating habits (21) .
Exercise. Participants in the exercise group participated in exercisetraining sessions (3 days/wk) led by a physical therapist. The exercise program consisted of physical therapy, endurance, and resistance exercise designed to improve physical function. Each session lasted ϳ90 min: 15 min of flexibility exercises, 20 -30 min of aerobic exercise, 30 -40 min of progressive resistance training (PRT), and 15 min of balance exercises. Aerobic exercises included walking on a treadmill, step-ups, stair climbing, stationary cycling, and Stairmaster exercise. Initially, subjects exercised at moderate intensity (ϳ75% of peak heart rate), and the intensity of exercise was gradually increased to between 80% and 90% of peak heart rate. The PRT consisted of nine exercises (squats, leg press, knee extension, knee flexion, seated row, upright row, seated chest press, biceps curl, and triceps extensions) performed using a squat rack and weight-lifting machines (Hoist Fitness Systems, San Diego, Ca). The one-repetition maximum (1RM) was used to adjust exercise intensity. Initially, weightlifting sessions consisted of one to two sets performed at ϳ65% of 1RM, which allowed the completion of 8 -12 repetitions. The volume of exercise was gradually increased to two to three sets at a resistance of ϳ80% of 1RM, which allowed the completion of 6 -8 repetitions. Participants performed make-up sessions if they missed one, so each participant performed the goal of 36 sessions. Missed/made-up sessions were minimal and did not extend the average training duration (12 wk).
Quantification of mRNA expression. Total RNA was isolated from biopsies of vastus lateralis muscle taken before and after the 12 wk of weight loss or exercise therapy. RNAzol B (Tel-test, Frienswood, TX) was used according to the manufacturer's instructions. RNA concentration was determined by spectrophotometric absorbancy at two dilutions. First-strand cDNA was generated by reverse transcription using 500 ng total RNA and the Applied Biosystems (Foster City, CA) reverse transcription (RT) kit. Real-time RT-PCR was performed using the ABI PRISM 7500 sequence detection system and Power-SYBR mix (Applied Biosystems, Foster City, CA). Arbitrary units of TLR-4, MGF, IL-6, and TNF-␣ mRNA were corrected to 36B4 RNA content to control for loading. The oligonucleotide primer pairs used for the mRNA determination are listed in Table 1 .
Serum markers of inflammation. Serum high sensitive C-reactive protein (HsCRP) was measured by using a particle-enhanced immunoturbidimetric assay on a Hitachi 917 analyzer (Roche Diagnostics, Mannheim, Germany). Serum IL-6 and TNF-␣ were measured by using enzyme-linked immunoabsorbent assay (Quantikine High Sensitivity kit: R&D Systems, Minneapolis, MN).
Body weight and body composition. Body weight was measured in duplicate in the morning following a 12-h fast. Fat mass (FM) and fat-free mass (FFM) were measured by using dual-energy X-ray absorptiometry (DXA; Delphi 4500-W; Hologic, Waltham, MA). Phantom calibration was performed before each scan. The coefficient of variation for DXA measurements for both FFM and FM in our laboratory is Ͻ2% (39) .
Statistical analysis. Baseline characteristics were compared by using independent t-tests or chi-square tests. Analysis of covariance was used to determine whether the changes in the outcomes were significantly different between groups while using the baseline values as the covariates. Student's t-tests for paired samples were performed to determine whether there were significant within-group changes in the outcomes. Pearson's correlation was performed to assess associations between changes in gene expression and FFM. Values are presented as means Ϯ SE. Data were considered significant at P Ͻ 0.05.
RESULTS
Baseline characteristics such as age, body weight, sex, and body composition did not differ between the weight loss and exercise groups (Table 2) . Moreover, indexes of frailty, such as PPT score (28.6 Ϯ 1.0 vs. 26.1 Ϯ 1.0) and V O 2peak (18.2 Ϯ 0.9 vs. 17.5 Ϯ 1.1 ml⅐kg Ϫ1 ⅐min Ϫ1 ) were similar between the weight loss and exercise groups, respectively (both P Ͼ 0.05). Because all participants in the exercise group were required to complete the 36 exercise sessions, compliance with the exercise program was 100%. In response to the exercise program, improvements in 1RM, were detected for both upper body exercises (biceps curl, 14 Ϯ 6%; bench press, 25 Ϯ 9%; seated row, 16 Ϯ 5%;) and lower body exercises (knee flexion, 24 Ϯ 5%; knee extension, 18 Ϯ 7%; leg press, 26 Ϯ 7%; all P Ͻ 0.05).
Body weight decreased in the weight loss group by 7.1% but not in the exercise group (Ϫ7.5 Ϯ 1.2 vs. Ϫ0.3 Ϯ 0.8 kg, P Ͻ 0.001) ( Table 2) . FFM decreased by 4.8% as a result of weight loss and increased as a result of exercise (ϩ2.7%) (Ϫ2.9 Ϯ 0.6 vs. 1.6 Ϯ 0.6 kg, P Ͻ 0.001). TLR-4 mRNA was reduced by 37% (P Ͻ 0.05) as a result of exercise, and no significant change was observed in the weight loss group (the sample size required for a significant effect is equal to 103 subjects) (Fig. 1) . Exercise led to a significant 50% decrease (P Ͻ 0.05) in the expression of IL-6 and TNF-␣, whereas weight loss had no significant effect on TNF-␣ (the sample size required for a significant effect is equal to 337 subjects) or IL-6 expression (the sample size required for a significant effect is equal to 210 subjects) (Ϫ0.70 Ϯ 0.30 vs. Ϫ0.23 Ϯ 0.19 and Ϫ0.71 Ϯ 0.30 vs. Ϫ0.30 Ϯ 0.35, respectively; both P Ͻ.05) (Fig. 2, A and B) . Exercise increased MGF expression 223% (P Ͻ 0.05) whereas weight loss therapy had no effect (the sample size required for a significant effect is equal to 25 subjects) (1.2 Ϯ 0.38 vs. 0.30 Ϯ 0.18; P ϭ 0.07) (Fig. 2C) . 
TLR, toll-like receptor; MGF, mechanogrowth factor.
Data for serum HsCRP, IL-6, and TNF-␣ are presented in Table 3 . Serum HsCRP was significantly lower (P Ͻ 0.05) after weight loss compared with before weight loss. No significant effect of weight loss or exercise on serum levels of IL-6 or TNF-␣ was observed.
The improvements in 1RM in the exercise group were accompanied by positive changes in functional status, as indicated by improvements in time to 1) lift a book (from 2.9 Ϯ 0.4 to 2.1 Ϯ 0.5 s; P ϭ 0.04); 2) put on a coat (from 12.3 Ϯ 4.1 to 9.2 Ϯ 1.8 s; P ϭ 0.01; 3) pick up a coin (from 4.6 Ϯ 1.4 to 3.4 Ϯ 1.1 s; P ϭ Ͻ 0.001), and 4) walk 25 ft back and forth (from 14.9 Ϯ 1.9 to 13.1 Ϯ 12.3 s; P ϭ 0.02).
DISCUSSION
The major finding of this investigation was that mRNAs for proteins involved in inflammation were significantly reduced by exercise but not by weight loss in obese elderly individuals with functional impairment. Further, TLR-4 mRNA was significantly reduced by exercise but not by weight loss. To our knowledge, this is the first investigation to report TLR-4 mRNA changes in human skeletal muscle as a result of exercise training or weight loss.
Cytokines are inflammatory mediators produced primarily by peripheral blood mononuclear cells, adipocytes, hepatocytes, and skeletal muscle. Two cytokines, TNF-␣ and IL-6, are linked to higher rates of skeletal muscle catabolism. TNF-␣ impairs muscle protein synthesis (22, 23, 44) and increases muscle protein degradation (8, 26, 36) while IL-6 increases muscle protein degradation (13) . These two cytokines are thought to play a major role in the age-related decline in muscle mass and physical function. For example, Visser et al. (41) reported that circulating TNF-␣ and IL-6 were inversely related to muscle mass in 3,075 elderly men and women. The exact source of the circulating TNF-␣ and IL-6 is unclear, but these circulating cytokines are likely derived from the adipose tissue depot and/or peripheral blood mononuclear cells (PBMC). It would appear plausible that on a large scale, such as in the Visser et al. (41) study, the increase in adipose tissue as one ages or the increase in secretion of cytokines from PBMC could cause the loss of muscle mass. However, the practical importance of this elevation in circulating cytokines on skeletal muscle in large population-based studies with thousands of subjects remains to be determined as sample size has a large influence on statistical significance while the practical significance of the elevation of circulating cytokines on skeletal muscle for a given individual may be small. From our data, based on few subjects, it appears that cytokine gene expression in muscle is derived from muscle, as serum concentrations of TNF-␣ and IL-6 did not change with exercise but the mRNAs for these cytokines were reduced in muscle as a result of exercise. Indeed, from our study, it appears that muscle contraction through combined aerobic and resistance exercise for 12 wk acts to decrease muscle inflammatory cytokine expression, whereas weight loss has no effect.
One mechanism by which IL-6 and TNF-␣ are secreted is through stimulation of the toll-like receptors (TLRs) (12) . The TLRs are highly conserved proteins that detect infection in humans (38) . The most potent ligand for TLR-4 is lipopolysaccharide, which on binding stimulates a cascade of cellular events that culminate in the release of inflammatory cytokines (38) . We found that TLR-4 mRNA is reduced as a result of combined aerobic and resistance exercise; however, ϳ7% weight loss did not significantly reduce skeletal muscle TLR-4 mRNA. Data that support our data on the effects of exercise training on skeletal muscle TLR-4 mRNA expression are data from McFarlin et al. (27a) , in which CD14ϩ cells from blood of physically active individuals had a 32% lower TLR-4 protein expression compared with physically inactive individuals. Thus it appears at least at the mRNA level that exercise training decreases TLR-4 in both monocytes and skeletal muscle.
The downregulation of TLR-4 mRNA provides a potential mechanism by which exercise training decreases the mRNA for IL-6 and TNF-␣ as TLR-4 stimulation leads to the production of IL-6 and TNF-␣. Reduced TLR-4 stimulation decreases signaling through the IB kinase complex, decreasing NF-B and reducing IL-6 and TNF-␣ production by reduced binding of NF-B to the promoters for IL-6 and TNF-␣ (22) .
The mechanisms for the reduction in TLR-4 mRNA as a result of exercise training are unknown and speculative at this time. Many potential mechanisms have been summarized by Flynn et al. (12) . One putative mechanism is cross-tolerance or tolerance to heat shock proteins. Heat shock proteins are known endogenous ligands for TLR and may tolerize the cell, which results in a receptor downregulation or reduced intracellular signaling. Evidence suggests that intense exercise training acts to substantially increase heat shock proteins in human skeletal muscle (27) . Further, the exposure of monocytes with HSP60 resulted in a reduced signaling in response to lipopolysaccharide as well as downregulation of cell surface expression of TLR-4 (19) . Other endogenous ligands that become elevated during exercise could also be involved in the tolerance or cross-tolerance associated with exercise training.
Bruun et al. (5) reported that a combined caloric restriction and exercise regimen resulted in weight loss and a reduction in skeletal muscle IL-6 mRNA. However, the contribution of weight loss, energy restriction, and/or exercise to the observed reduction in IL-6 mRNA was unclear in that investigation. Gielen et al. (14) reported that aerobic exercise training (heart rate equivalent to ϳ70% V O 2max ) for 20 min/day and one group training session of 60 min each week lowered IL-6 mRNA in skeletal muscle by ϳ42% in chronic heart failure patients. Importantly, we show that combined resistance and aerobic exercise training but not diet-induced weight loss, in humans, results in reduced skeletal muscle IL-6 mRNA expression by ϳ50% in frail obese elderly individuals.
Another important finding of this investigation is that TNF-␣ gene expression was reduced by ϳ50% in response to exercise training but not due to weight loss. The exercise in this investigation was primarily resistance exercise with some aerobic exercise. This is consistent with the work of Greiwe et al. (16) , indicating that resistance exercise reduces TNF-␣ gene expression in the skeletal muscle of frail elderly although their subjects were not obese. Likewise, Gielen et al. (14) reported that aerobic exercise training lowered skeletal muscle TNF-␣ mRNA by ϳ38% in chronic heart failure patients. Thus both resistance and aerobic exercise training decrease TNF-␣ mRNA in skeletal muscle.
The lack of a significant effect of ϳ7% weight loss on TNF-␣ mRNA in skeletal muscle is similar to the results of Mingrone et al. (28) , who reported that a 4.6% decrease in body weight did not significantly decrease TNF-␣ mRNA. Further, Bruun et al. (5) reported that a 12.7% decrease in body weight was insufficient to decrease TNF-␣ mRNA in skeletal muscle. It is possible that there is a threshold of weight loss that will result in a significant decrease in TNF-␣ mRNA, as Mingrone et al. (28) also reported that a 23.6% decrease in body weight via gastric bypass resulted in an 82% decrease in muscle TNF-␣ mRNA. Thus it appears that only severe weight loss is sufficient to decrease TNF-␣ mRNA in skeletal muscle.
The lack of significant effect of weight loss on inflammatory markers (IL-6, and TNF-␣ mRNA) in skeletal muscle may be related to the fact that there appears to be a low abundance of macrophages (CD68ϩ cells) in skeletal muscle (5) . It has been suggested that CD68ϩ cells are the source of cytokines in adipose tissue (8) . Bruun et al. (5) found that IL-6 mRNA and TNF-␣ mRNA and CD68ϩ cells were reduced by weight loss in adipose tissue where their abundance is high but there was no effect of weight loss on skeletal muscle IL-6 mRNA, TNF-␣ mRNA, and CD68ϩ cells where the abundance of CD68ϩ cells is low. Thus difference in the abundance of CD68ϩ cells in skeletal muscle and adipose tissue may explain the difference between these two tissues with regard to the effects of weight loss. We hypothesize that the effects of exercise on TLR-4, IL-6, and TNF-␣ mRNA is direct effect on skeletal muscle cells. This contention is supported by the work of Greiwe et al. (16) , who found that TNF-␣ protein expression, localized to skeletal muscle via in situ hybridization, was reduced as a result of chronic exercise in frail elders.
MGF is a circulating muscle growth factor produced by alternative splicing of the IGF-I transcript and is involved in muscle tissue remodeling (15) . Previous work has shown that MGF expression increases in response to one bout of resistance training in young but not old subjects (18) . Similar results have been observed in an animal model of intense muscle contraction (30) . Another important finding of this investigation was that exercise training markedly increased the skeletal muscle mRNA for MGF in the elderly. This is supported by the work of Hameed et al. (18) , who reported a substantial increase in the mRNA for MGF as a result of 5 and 12 wk of exercise training. Interestingly, despite a ϳ7% decrease in body weight in the weight loss group and therefore presumably a ϳ7% decrease in the load on the muscles, there was no significant decrease in MGF expression.
A potential criticism of the present study is that the lack of effect of weight loss on inflammatory cytokine/growth factor expression may be due to a low sample size. We have, however, performed sample size calculations based on the observed difference between pre and post values for the weight loss group and the SD of the difference. We found that the number of subjects required to reach a significant effect were 210, 337, 103, and 25 for IL-6, TNF-␣, TLR-4, and MGF, respectively. Therefore, when considering the feasibility of performing such interventions, it does not appear that a moderate increase in our sample size would have significantly influenced the results. A potential limitation of this study is that changes in mRNA expression in response to exercise training still need to be confirmed by changes in protein expression. The typical yield of muscle biopsy from obese elderly subjects was 50 -100 mg of tissue sample. Therefore, although our findings of a discordant effect of weight loss vs. exercise on changes in cytokine/growth factor gene expression in local skeletal muscles are novel and interesting, they should be considered preliminary.
To our knowledge, this is the first study to directly compare the effects of weight loss alone vs. exercise alone on local regulators of skeletal mass, particularly in frail obese elderly. We conclude that exercise but not weight loss downregulates mRNA expression of TLR-4 and of the inflammatory factors TNF-␣ and IL-6, linked to increased muscle catabolism while upregulating mRNA expression of an anabolic factor, MGF, in skeletal muscles. Thus exercise but not weight loss is antiinflammatory and anabolic to skeletal muscle in the frail obese. The anti-inflammatory and anabolic effects of exercise on gene expression were accompanied by increases in FFM, which was presumably muscle mass. These data suggest that, with regard to skeletal muscle anabolic/inflammatory gene expression, exercise is more efficacious than weight loss. Future research should evaluate the effectiveness of combining resistance exercise and weight loss together on skeletal muscle mass and the intramuscular expression of cytokines and growth factors. Exercise appears to be an important intervention for maintaining and/or increasing muscle mass during weight loss. Indeed, data from our laboratory, in younger individuals, suggest that lower-body aerobic exercise-induced weight loss resulted in a large decrease in body fat but maintenance of lower body muscle mass while caloric restriction-induced weight loss resulted in a significant decrease in lower body muscle mass (42) .
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